Plasma osmolality refers to the quantity of solute dissolved into 1 kg of plasma.[@bib1], [@bib2] The serum is separated from the inside of the cell by the cell membrane. The cell membrane is highly permeable to water but not to some ions (e.g., potassium and sodium), and is called semipermeable. The ability of water to move across the cell membrane is related to the tonicity of the plasma that determines the direction and the magnitude of water movement.[@bib3]

The serum sodium (SNa) concentration is the main extracellular osmolyte, and therefore, the most important determinant of serum osmolality.[@bib4] The permeability of the cell membrane to water is due to the presence of water channels called aquaporins (AQPs) that mediate bidirectional water transport.[@bib5] In the central nervous system (CNS), the blood−brain barrier (BBB) separates the brain parenchyma from the plasmatic space. The BBB is composed of several layers; the outermost layer is astrocyte end-feet, which is responsible for water exchange between the brain parenchyma and the vascular space.[@bib6] Astrocyte end-feet express a high number of AQP 4, but other forms of AQP have been identified in astrocytes and other CNS cell types.[@bib5]

At equilibrium, extracellular osmolality equals intracellular osmolality, and the net movement of water across the cell membrane is null. When the SNa concentration is reduced, hypo-osmolality and hypotonicity will ensue, and the water will flow from the extracellular space into the intracellular compartment. This movement of water into the cell will cause cell swelling, and conversely, in the presence of hypertonicity, cells will shrink because of water movement from inside to outside the cell. In the mammalian CNS, even minimal changes in the intracellular volume and the associated brain swelling or shrinking might lead to dramatic symptoms. Macromolecular crowding refers to the behavior of protein inside the cell with respect to the salt and water content of the cytoplasm.[@bib7] It has been shown that many cellular functions (e.g., enzymatic activity) depend of the ionic strength of the cytoplasm, the cell volume, and the macromolecular crowding.[@bib8] Therefore, the maintenance of a normal cell volume and normal intracellular ionic strength is essential. The ability to respond to brisk changes in extracellular osmolality has been evolutionarily conserved across species throughout the evolution process.

The present review details the mechanisms of brain adaptation to hyponatremia, the consequences of hyponatremia on the brain, and discusses the treatment of hyponatremia and the risk associated with excessive correction of SNa from a neurological perspective.

Mechanisms of Brain Cells Adaptation to Hypo-Osmotic Challenge {#sec1}
==============================================================

Cells have developed several mechanisms to counteract the deleterious effect of extracellular hypotonicity on cell volume. These mechanisms are collectively called regulatory volume decrease (RVD) because their aim is to restore the initial volume after swelling induced by hypotonicity.[@bib9] They essentially involve the extrusion of intracellular osmotically active solutes that will induce obligated intracellular loss of water and prevent or reduce cell swelling. RVD has been well studied in isolated brain cells, mostly in astrocytes and neurons.[@bib10], [@bib11], [@bib12], [@bib13] Neuronal cell lines exposed to hypotonicity quickly experience an increase in their volume up to 2-fold in the first minutes, and after a slow decrease in the volume, this reaches a plateau at approximately 60% to 80% of volume recovery in the first 15 minutes.[@bib11] The same is true for glial cell lines.[@bib10] However, these observations should be interpreted along with some caveats. First, not all neuronal cells react alike during hypo-osmolality; some differences have been noted across different neuronal cells.[@bib14] Second, most studies done on RVD in brain cells used either cultured or immortalized cell lines that displayed notable differences with *in vivo* cells. Lastly, regional variability and interspecies variability in glial phenotype have been described, which might have an impact on some biological functions.[@bib15], [@bib16], [@bib17] Therefore, it is possible that not only do *in vivo* astrocytes not exhibit the exact same behavior as *in vitro* astrocytes when confronted with hypotonic stress, but also that not all astrocytes in the brain exhibit the same pattern of changes during hyponatremia.

Cellular Mechanisms of RVD, Osmotic Sensing, Signal Transduction, and Efflux Pathways {#sec1.1}
-------------------------------------------------------------------------------------

An osmolyte is a noncell membrane permeable substance that can exert a net movement of water across a semipermeable membrane. Osmolytes are categorized as electrolytes and nonelectrolyte or organic osmolytes. The most common electrolyte osmolytes present in the mammalian brain are sodium, potassium, and chloride ions, and the most common organic osmolytes are myoinositol, betaine, glutamine, taurine, and γ-aminobutyric acid.

The occurrence of RVD implies a sensor for extracellular osmolality, a signal transducer that will translate the information on extracellular osmolality to the channels responsible for intracellular osmolyte depletion. The word osmosensor refers to a sensory element that can detect changes in plasma osmolality.[@bib18] In the mammalian brain, the true nature of the osmosensor is still elusive. The transient receptor potential vanilloid 4 (TRPV4) channel is a member of the broader class of the TRPV channel family that has been shown to be essential for tonicity sensing and transduction trough modulation of calcium influx in several cell lines.[@bib19] In cortical astrocytes and muller glia (retinal glial cells), TRPV4 forms a molecular complex with AQP 4, the main water channel present in astrocyte end-feet. The integrity of that molecular complex is necessary for calcium influx, which has been linked to RVD with an hypo-osmotic challenge.[@bib20], [@bib21] Other researchers have suggested that calcium influx is not essential for RVD, and also that inhibition of the TRPV channel does not significantly affect RVD in astrocytes.[@bib22] Because of the complexity and the importance of the process, it is likely that osmosensing operates through at least a few redundant pathways that might not be identical for all brain cells.

Upon sensing, the hypo-osmotic signal must be transduced inside the cell, and protein kinases and calcium are believed to be involved in the transduction of the signal of RVD in astrocytes and neurons. For example, inhibition of protein kinase C can significantly reduce the efflux of potassium and taurine in hypo-osmotically challenged glial cells, which suggests that G-coupled protein receptor with protein kinase C activity is a likely transducer for hypo-osmotic stimuli.[@bib23] After signal transduction, the osmolyte must flow inside or outside the cell trough special channels. The responsible channels for intracellular electrolytes depletion are collectively called volume sensitive channels (for review, see Strange *et al.*[@bib24]). They have been identified in nearly all CNS cells.[@bib25], [@bib26], [@bib27] Although these channels can be blocked pharmacologically, their precise identities remain elusive. As for organic osmolytes, several organic osmolyte transporters have been identified in the mammalian brain. For example, these include the γ-aminobutyric acid−betaine transporter and the sodium myoinositol transporter.[@bib28] The channels are bidirectional, and the movement of organic osmolytes through them is dependent on the net concentration gradient. Some interconnections between the volume sensitive channel and the organic osmolyte channels have been described.[@bib29]

Brain Adaptation to Hyponatremia {#sec1.2}
--------------------------------

After onset of systemic hypotonicity from hyponatremia, the brain water content will increase to commensurate the extent of the hyponatremia if the brain behaves like a perfect osmometer. However, studies have shown that after either chronic or acute hyponatremia, the brain water content does not increase as predicted. For instance, after 6 hours of hyponatremia, the brain only increases by 40% of what is predicted, and after 4 days of hyponatremia, there is only a 0.6% of increase in the brain water content.[@bib30] These observations point to the fact that the brain possesses some defense mechanisms that minimize organ swelling upon plasma hypotonicity. Although sometimes presented as distinct, brain adaptation to acute and chronic hyponatremia belongs to the same physiological spectrum, but some of the mechanisms are of early onset, with rapid exhaustion, whereas others occur in a prolonged timeframe. The clinical distinction between acute and chronic hyponatremia is often set between 24 and 48 hours. This distinction is arbitrary, but it is believed that the reasons for such a cutoff reflect the time frame after which complete mechanisms of brain adaptation are in place, thus making correction of hyponatremia potentially harmful for the brain. [Figure 1](#fig1){ref-type="fig"} depicts brain mechanisms of adaptation to hyponatremia.Figure 1Mechanisms of brain adaptation to hyponatremia. Hyponatremia induces an increase in the intracellular fluid (ICF) and interstitial fluid (ISF). During hyperacute adaptation, water moves from the ISF compartment to systemic circulation. In the following hours, the depletion of intracellular electrolytes and nonelectrolyte osmolytes is responsible for the movement of water from the intracellular space in the extracellular space and later into the systemic circulation. This will ultimately decrease the brain water content.Adapted from Sterns, RH. The management of symptomatic hyponatremia. *Semin Nephrol.* 1990;10:503--514,[@bib42] with permission from Elsevier.

### Early Mechanisms of Brain Adaptation to Hyponatremia {#sec1.2.1}

One of the first mechanisms of defense of the brain against hypotonicity is the water flow from brain parenchyma into the cerebrospinal fluid (CSF) and later into systemic circulation.[@bib32], [@bib33] Within the first minutes of hyponatremia, it is believed that the increased pressure inside the brain will drive a hydrostatic water movement inside the CSF first and then into the systemic circulation. This will work as a first guard to prevent rapid brain edema. For example, in a new-born rat pup with a soft skull in which brain edema does not cause an increase in hydrostatic pressure, there is no water flow from the brain to the CSF.[@bib34]

Another step of brain cell adaptation to hyponatremia involves movement of electrolytes from inside the cell to the extracellular compartment. Within the first hours of hyponatremia, there is a significant decrease in the intracellular content of sodium, chloride, and potassium.[@bib31], [@bib35] The kinetics of brain electrolytes depletion during acute hyponatremia revealed that after 3 hours of hyponatremia, brain depletion in electrolytes reaches a plateau, and the depletion of sodium is believed to be primarily from the CSF, which occurs together with intracellular depletion of chloride faster than the intracellular depletion of potassium.[@bib30] The total brain ion depletion is roughly similar (∼18%) within a large range of hyponatremia (72−116 mEq/l), which strongly suggests the brain can lose no more than 18% of its ion content. Because of this limited nature of the electrolyte depletion of the brain, it is excepted that by the time the mechanisms behind electrolyte loss are exhausted, severe continued hyponatremia will inevitably cause significant brain edema. There are 2 pieces of evidence here to consider. On the one hand, it has clearly been shown experimentally and observed in clinical practice that the occurrence of severe hyponatremia within few hours will cause death from brain swelling.[@bib36] (One of the first reports of evidence of brain edema secondary to hypo-osmolality occurred in a patient who underwent proctoclysis after an uneventful cholecystectomy who started to develop severe neurological symptoms 12 hours after the surgery and later succumbed from brain edema.[@bib37]) On the other hand, when hyponatremia develops slowly, experimentally and in humans, even to a level of \<100 mEq/l, there is no brain edema or immediately increased mortality.[@bib38] This apparently contradictory evidence can be reconciled if one considers that there are other mechanisms, not yet active during acute hyponatremia, that help to prevent brain edema when hyponatremia becomes chronic.

### Late Mechanisms of Brain Adaptation to Chronic Hyponatremia {#sec1.2.2}

It has been shown that after 4 days of hyponatremia, the brain electrolyte content in rats is reduced by 33%, 11%, and 17% for chloride, sodium, and potassium, respectively, but the brain water content only increases by 0.6%.[@bib38] The loss of electrolytes during chronic severe hyponatremia does not account for the magnitude of the brain water changes. In other words, the absence of brain edema or the minimal increase in brain water content, despite excessive depletion of ionic electrolytes, suggest that the brain does not behave as a perfect osmometer during chronic hyponatremia. This shows that other osmotically active substances must be taken into account when explaining the minimal brain water changes during chronic hyponatremia. Studies in the early 1990s confirmed that organic osmolytes play a significant role in brain volume regulation during chronic hyponatremia. The importance of organic osmolyte is already evident even after 24 hours.[@bib39], [@bib40], [@bib41] Quantitatively, it has been shown that the contribution of electrolytes in brain volume regulation in humans during chronic hyponatremia is approximately 70%, with the remaining 30% as the contribution of organic osmolyte loss.[@bib42] Many of the identified organic osmolytes that are lost during chronic hyponatremia also play a role in vital cell functions such as neurotransmission and protein-folding pathways; therefore, their depletion might not be inconsequential and could be related to the neurological abnormalities observed in patients with chronic "asymptomatic" hyponatremia. It is now clear that osmolytes that are lost during chronic hyponatremia reaccumulate upon correction of hyponatremia. At least 2 studies have shown that the reaccumulation of electrolytes occurs faster with correction of hyponatremia, whereas organic osmolytes take much longer (\>5 days) to return to baseline levels.[@bib43], [@bib44] This observation carries weight because some have suggested that this delayed reaccumulation of organic osmolytes might play a role in the pathophysiology of osmotic demyelination syndrome.[@bib45]

Hyponatremic Encephalopathy {#sec2}
===========================

Hyponatremic encephalopathy (HNE) refers to the neurological dysfunction observed during hyponatremia. The clinical manifestations of HNE are related to the brain adaptation capacities to a hypo-osmotic challenge.

Risk Factors for HNE {#sec2.1}
--------------------

The clinical manifestations of HNE are dependent on several factors, including the cause and the magnitude of hyponatremia, sex, age, and rapidity of onset.

The clinical picture of HNE resulting from acute hyponatremia might be different from the symptoms brought on by chronic hyponatremia. Acute hyponatremia with the same magnitude as chronic hyponatremia is likelier to induce more drastic symptoms, such as seizures or coma. During acute hyponatremia, when brain electrolyte content has reached its maximal point of depletion (∼18%), and if organic osmolyte extrusion is not yet complete, brain edema will invariably occur. Clinically, this situation will happen if the SNa drops over a short period of time by a large magnitude. One study reported that if the rate of SNa decrease is \<0.5 mEq/l per hour over 24 hours, then the clinical course is likely to be uncomplicated, whereas neurological sequalae and death are more common if the rate of sodium drop is \>1 mEq/l per hour.[@bib46]

HNE is more severe in preadolescents. This simply reflects the fact that most of the dramatic symptoms of HNE are related to brain edema.[@bib47], [@bib48] The brain reaches it maximal size by 6 years of age, which is approximately 10 years earlier than the skull, which reaches its maximal size by 16 years of age. Therefore, during hyponatremia, brain edema will be more pronounced in younger individuals because their skulls pose more steric constraints than in adults.

The role of sex in HNE remains unclear. Experimental *in vitro* studies suggested that estrogens might affect astrocyte brain volume regulation,[@bib49] but *in vivo* studies in rodents did not confirm that there was a different susceptibility to hyponatremia with regard to sex.[@bib50], [@bib51] The clinical data regarding female predisposition to HNE are also conflictual because the initial studies by Ayus *et al.* pointed to a female susceptibility,[@bib52], [@bib53] but a large review did not confirm these findings.[@bib54]

Hypoxia is undoubtedly a worsening factor in HNE; this has been documented by experimental and clinical studies.[@bib55], [@bib56] The relationship between hyponatremia and hypoxia is complex. Swelling of the brain parenchyma compresses the brain vasculature and contributes to brain hypoxia that will cause neurogenic pulmonary edema, which, in turn, will reduce oxygen delivery to the brain.[@bib57] However, others have shown that the occurrence of severe systemic hypoxia in the setting of severe acute hyponatremia itself is uncommon.[@bib58]

Symptoms of HNE {#sec2.2}
---------------

The most striking and severe symptoms of HNE are related to the compression of the brain parenchyma against the rigid skull. In severe cases, brain herniation and death often occurs preceded by seizures and coma.[@bib59] As discussed earlier, these symptoms often occur during acute and profound hyponatremia because the brain has no or little time to adjust to hypo-osmolality. Severe symptoms can also occur after acute on chronic hyponatremia, or even after moderate acute hyponatremia. For instance, marathon runners with moderate hyponatremia were reported to experience nausea and vomiting, and sometimes acute confusion, which were treated effectively by correction of SNa.[@bib60] The largest series of patients studied with HNE revealed that acute severe hyponatremia might be fatal, with abrupt respiratory arrest in up to 60% of cases, but prompt reversal of the prognosis can occur with correction of SNa.[@bib61]

Chronic hyponatremia will usually manifest as malaise, weakness, and confusion.[@bib62] Until the last decade, it was believed that mild chronic hyponatremia was asymptomatic and carried little neurological dysfunction. Studies by our team and others revealed that chronic hyponatremia is associated with significant subtle neurological abnormalities, including attention deficit, falls, and gait imbalance. Patients with chronic hyponatremia have a much higher risk of falls, which seems to more marked in older adult patients.[@bib63], [@bib64] Some of these manifestations are reversible upon improvement in SNa.[@bib63], [@bib64], [@bib65], [@bib66] [Table 1](#tbl1){ref-type="table"} shows the manifestations of HNE.Table 1Manifestations of hyponatremic encephalopathyAcute severeChronicNausea and vomitingNauseaHeadachesFatigueSeizuresGait and attention deficitComaFalls and bone fracturesDeathRespiratory arrestNoncardiogenic pulmonary edema

The physiological basis of chronic HNE is starting to be elucidated. One group recently demonstrated that the extracellular glutamate content in chronic hyponatremic rats was increased, and that the astrocytic glutamate uptake in low sodium medium was also unpaired.[@bib67] These results are consistent with the fact that glutamate is a significant organic osmolyte that is extruded from the cell. Because other osmolytes have important functions in brain physiology (e.g., taurine was studied as anticonvulsant in rats), it is likely that the brain depletion of these organic osmolytes might play a role in HNE.

Treatment of HNE {#sec2.3}
----------------

### Severe HNE {#sec2.3.1}

The criteria for severe HNE includes altered mental status, seizures, focal neurological damage, coma, and other signs or symptoms of brain herniation. Severe HNE is a medical emergency and the treatment should be undertaken promptly. Chronic hyponatremia, if not complicated by an acute episode, rarely presents as severely symptomatic HNE. To date, few life-threatening manifestations have been associated with chronic hyponatremia even if severe; this reflects the almost completed adaptation of the brain during chronic hyponatremia with a negligible brain volume increase.

In all cases, the treatment should aim to reverse severe neurological manifestations that the clinician believes to be secondary to hyponatremia. Therefore, prompt correction of hyponatremia should be undertaken in patients who present with severe symptoms, regardless of the chronicity and the magnitude of the decrease in SNa.[@bib68], [@bib69]

The mainstay of treatment of HNE is the reduction of intracranial pressure by decreasing brain water content. The neurosurgery literature has suggested that in normonatremic patients with others causes of brain edema, an increase in the plasma sodium of approximately 5 to 6 mEq/l is sufficient to decrease the intracranial pressure by 5 to 10 mm Hg, which would prevent brain herniation.[@bib70], [@bib71], [@bib72] Based on these findings, it could be postulated that a similar increase in SNa in patients with hyponatremia would be enough to reduce intracranial pressure to nonlife-threatening levels. This can be achieved by rapid infusion of hypertonic saline. The suggested dose and administration scheme varies according to the different guidelines, but it is well accepted that boluses of 100 to 300 ml of 3% sodium chloride are effective. It should be remembered that the boluses must be repeated until symptoms of brain edema regress. Importantly, frequent sodium monitoring is mandatory.

It has recently been shown that a single dose of enteral urea (15 g) urea can decrease intracranial pressure by up to 8 mm Hg in neurotrauma patients with an intracranial pressure of \>15 mm Hg.[@bib73]

### Moderate HNE {#sec2.3.2}

The treatment options for mild and moderate HNE depend on the cause of hyponatremia. The cornerstone of treatment is to adjust the numerator or the denominator of Edelman's equation to restore normal SNa concentrations. In patients with salt depletion from renal or extrarenal causes, replacement of salt stock will normalize SNa. This could be achieved with normal saline infusion or oral salt tablets for salt-depleted patients. Patients with syndrome of inappropriate antiduiretic hormone secretion who have excessive total body water could benefit from water restriction and aquaretics such as V2 receptors antagonist or urea.

Brain Complications Following Treatment of Hyponatremia {#sec2.4}
-------------------------------------------------------

Rapid correction of chronic hyponatremia can sometimes lead to neurological damage. From the late 1950s to the early 1970s, several authors described case reports of hyponatremic alcoholic patients who died during treatment and who had necropsy findings consistent with central pontine myelinolysis (CPM). It was not clear at that time if SNa levels *per se* or if it was rather the correction of serum sodium that was the cause of the neurological deterioration.[@bib74], [@bib75], [@bib76] The most definitive evidence of the relationship between correction of chronic hyponatremia and CPM came from experimental studies that showed significant demyelination in rats, rabbits, and dogs after rapid correction of chronic hyponatremia.[@bib77], [@bib78], [@bib79] Sterns *et al.*[@bib80], [@bib81], [@bib82] studied patients with severe hyponatremia and found that permanent neurological damage occurred only in patients who had their hyponatremia corrected too rapidly. That publication contrasted with a previous study by Arieff[@bib56] who suggested that either acute or chronic hyponatremia should be corrected rapidly to avoid permanent neurological damage.[@bib56] The demyelination seen after correction of chronic hyponatremia is now called osmotic demyelination syndrome (ODS). CPM is a more generic term that reflects the loss of myelin in the pons. CPM occurs in several other conditions aside from rapid correction of chronic hyponatremia, and ODS can also affect extrapontine regions. The experimental model of ODS has shed light on the pathophysiology of the disorder.[@bib83], [@bib84], [@bib85], [@bib86], [@bib87], [@bib88], [@bib89], [@bib90], [@bib91]

ODS is a rarely reported disorder because the disease is rare; however, there is also a possibility that the reporting rate might be lower than the actual prevalence rate because some clinicians might be reluctant to report a potentially preventable complication of hyponatremia treatment. It is also possible that some cases of ODS[@bib92], [@bib93] can be clinically silent, and total recovery has been described in some patients.

### Risk Factors for ODS {#sec2.4.1}

Some risk factors have been associated with development of ODS, but due to the rare nature of the disease, they have not been studied systematically. The most important predisposing factors for ODS are the chronicity of hyponatremia and the final increment of SNa achieved over 24 hours. It is now believed that the 24-hour sodium increment as opposed to the hourly increment of SNa is more important.[@bib94], [@bib95] Other risk factors include malnutrition, liver disease, and alcoholism.[@bib96] Hypokalemia has also been mentioned in some reports but has not been studied experimentally.[@bib97] It should be mentioned that the correction of hypokalemia might increase SNa as predicted by Edelman's equation. ODS is seldom seen in patients with acute hyponatremia, and experimental evidence has shown that chronicity of hyponatremia is an important prerequisite.[@bib98] One of the explanations might be that during acute hyponatremia, the loss of organic osmolytes is less important because they seem to play a protective role in the development of the disease.[@bib45]

Over the last 4 decades, the cutoff of the sodium increment in 24 hours, at which the correction of chronic hyponatremia is deemed safe, has varied significantly (reviewed by Martin[@bib96]). The largest series reported in experimental research that addressed the topic of threshold for demyelination lesions revealed that no animal had clinical evidence of neurological impairment of displayed myelin loss at a cutoff of 16 mEq/l per 24 hours.[@bib95] However, it should be noted that clinical manifestations of neurological disturbance are difficult to appreciate in animals, and these early experiments did not use the most sensitive techniques for determination of myelin damage. In clinical practice, it is believed that increments of \<8 to 10 mEq/l per day are nevertheless associated with low risk of significant symptoms from ODS if there is no concomitant hypokalemia or alcoholism. Although there are still some case reports that describe a diagnosis of ODS after correction of SNa with an increment of \<10 mEq/l per 24 hours over a 24-hour period,[@bib99], [@bib100] the real increment of SNa might have been underscored because the SNa before the hospital admission and before the initiation of correction is often unknown. Therefore, some patients could have started to self-correct their hyponatremia before they presented to the hospital, which made their real sodium levels higher than reported.

### Mechanisms of ODS {#sec2.4.2}

Several factors contribute to the apparition of demyelinative brain lesions upon correction of chronic hyponatremia. It was initially suggested that BBB breakdown allowed invasion of the brain parenchyma with myelinolytic substances, including cytokines and complement factors.[@bib90] Microglial activation was also suggested to play a role.[@bib87], [@bib88] Recent reports clearly established that one of the first events after rapid correction of chronic hyponatremia is astrocyte damage.[@bib83] It was further demonstrated that rapid correction of chronic hyponatremia induces protein aggregation in astrocytes, together with unfolded protein response and an exaggerated endoplasmic reticulum stress that will culminate into astrocyte death.[@bib85] These events occur before any histological evidence of myelin damage, and they all take place in regions prone to demyelination. The relationship between astrocyte death and myelin breakdown is explained by the fact that astrocytes provide trophic support to oligodendrocytes, and astrocytes are required for maintenance of normal myelin. [Figure 2](#fig2){ref-type="fig"} illustrates the current knowledge on the pathophysiology of the disease.Figure 2Schematic representation of the pathophysiology of osmotic demyelination after rapid correction of chronic hyponatremia. Therapeutic approaches are depicted in the blue boxes. BBB, blood−brain barrier; ER, endoplasmic reticulum.

Prevention of Brain Edema and Avoidance of ODS in the Treatment of HNE {#sec2.5}
----------------------------------------------------------------------

Strategies to minimize the risk of ODS while treating severe HNE should focus on several goals: (i) identification of patients who need rapid correction of hyponatremia; (ii) identification of patients at risk of ODS; and (iii) minimizing the increment of SNa and achieving the necessary increment to reverse the life-threatening manifestations of HNE ([Figure 3](#fig3){ref-type="fig"}).Figure 3Proposed algorithm for the management of hyponatremia with regard to central nervous system. This algorithm is given as a first basis for management and should integrate the particularities of each patient. The most important parameter in determining the need of urgent treatment should be the presence of neurological symptoms attributable to hyponatremia and not the chronicity of hyponatremia or the magnitude of hyponatremia. Chronic hyponatremia with limited neurological symptoms is a risk factor for osmotic demyelination syndrome (ODS) and dictates slow correction of serum sodium, regardless the correction method selected. Acute hyponatremia with no neurological symptoms should not be corrected rapidly because there are many caveats in the evaluation of the duration of hyponatremia, and little is known about the duration that poses a risk for ODS. These limits are based on the current state of the literature, but unpublished evidence suggests that the lower increment is the better. ICU, intensive care unit; Na, sodium; NaCl, sodium chloride.

Depending on the cause of hyponatremia, an increase in SNa can be achieved using several therapeutic agents, including hypertonic saline, normotonic saline, diuretics, urea, or V2 receptor antagonists. The rapidity of onset, the reversibility and the duration of the effect might be different for these agents. For example, hypertonic saline will produce a more brisk increment of SNa than normal saline or urea, and treatment with V2 receptor antagonists could produce a long lasting aquaresis and brisk correction of SNa depending on the half-life and the dose of the chosen agent. Experimental evidence has suggested that the use of urea is less prone to induce ODS compared with hypertonic saline and vaptans.[@bib84] It was found that animals treated with urea had minimal experimental demyelinative lesions despite an increment of \>25 mEq/l per 24 hours. A follow-up study confirmed that urea decreased the unfolded protein response and endoplasmic reticulum stress in the brain after correction of hyponatremia.[@bib85]

The recommended scheme for severely symptomatic hyponatremia includes administration of hypertonic saline (100 ml boluses of sodium chloride 3%) until symptoms abate. Patients who need urgent correction of SNa, as mentioned previously, are patients who present with severe symptoms related to brain edema. Although to date no study has looked at the net brain volume decrease brought on by a given increment of SNa, in neurosurgery patients with normonatremia and impending brain herniation from trauma or brain tumor, increasing SNa to approximately 5 to 6 mEq /l is sufficient to lower the intracranial pressure by approximately 10 to 15 mm Hg and prevent brain herniation.[@bib70], [@bib72] Therefore, it could be speculated that such a small increment of SNa might be enough to stop the symptoms of brain edema associated with hyponatremia. Sterns *et al.* have proposed that the SNa should not be corrected by \>6 mEq/l in the first 24 hours.[@bib101] To date, there are no experimental data or large clinical data to support this recommendation, and experimental studies are still needed to determine if correction of SNa by \>6 mEq/l and \<10 mEq/l is associated with some neurological impairment.

Accumulating evidences have supported the experimental findings[@bib102], [@bib103], [@bib104], [@bib105] that relowering of SNa could prevent or mitigate the disease when rapid correction has been undertaken.[@bib106] Relowering of SNa should ideally be performed within 12 to 24 hours of overcorrection and can be achieved using 1-desamino-8-d-arginine vasopressin and dextrose infusion.[@bib106] Controlled increased of SNa can be performed by combining 1-desamino-8-d-arginine vasopressin infusion along with hypertonic saline.[@bib101], [@bib107]

Conclusion and Future Perspectives {#sec3}
==================================

The regulation of body fluid osmolality is of a crucial importance, and throughout evolution, this property has been conserved in fish to mammals. The cell volume and macromolecular crowding, and hence, essential biological functions are closely dependent on extracellular tonicity.

Despite being the most common electrolyte disorder in clinical practice, the treatment of hyponatremia still represents a challenge for the clinician, and this has not changed much since back in the 1990. Berl summarized this conundrum by the famous phrase: "Treating hyponatremia, damned if you do and damned if you don't."[@bib108] If severe and of rapid onset, hyponatremia could induce brain edema with potentially lethal consequences. Mild to moderate hyponatremia has also been associated with various degrees of neurological dysfunction. In contrast, rapid correction of chronic hyponatremia is linked to brain demyelination.

To date, although experimental findings have suggested potential benefit in treating mild hyponatremia on outcomes such as gait and memory,[@bib67] there have been no large-scale clinical data suggesting that the treatment of mild to moderate hyponatremia is associated with a better neurological outcome.

Despite the significant amount of research on the topic, there are still several areas of uncertainty, and there is a crucial need of more studies to answer the following questions: How does the brain sense hyponatremia? What is the minimal increment of SNa that will safely prevent brain edema in a severely symptomatic hyponatremia patient, and conversely, how much of an increment of SNa poses a risk of brain damage from ODS? What is the role of the vasopressin receptor antagonist in the prevention of neurological complications of hyponatremia? Hopefully, future research will help to address these issues.
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